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The term phenome describes the whole organism
translation of the genome into cell, tissue,
and systemic phenotypes or characteristics.

So in other words:
The phenome is what the genome really does.



Candidates

#of candidates function

~10’000

house keeping

1 specialized



Candidates Approach

# of candidates function in vitro in vivo

~10’000 house keeping cells E. Coli

co-culture

1 specialized explants M. Musculus



Approaches to decipher how the genome specifies the phenome

Sequence-driven approaches:
focusing first on specific DNA sequence variants and then
identifying phenotypic consequences

Phenotype driven approaches:
by identifying individuals with a different phenotype and then
linking the phenotype to DNA sequence variants



Table 1 | Attributes of some key animals used to model human disease

Attribute of disease model

Practical issues

Husbandry infrastructure

Cost per animal per year
Characterized inbred strains
Outbred laboratory strains
Anatomical similarity

Molecular or genetic similarity
Pathological similarity

Storage; for example, freezing sperm
Molecular biology tools
Transgenesis*

Targeted gene modification™
Transient in vivo assays*

Allelic series from TILLING*
Feasibility of large-scale screens*
Affordability of large-scale screens*
Sequencing progress®

Annotation progress®

Cell-biology tools
Celllines and tissue culture

Antibody reagents
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*Reverse-genetics approach; *forward-genetics approach; 3genome sequence; -, not relevant,
or not astrength; $, $$, $$% and +, ++, +++, relative cost ($) and strength (+) of the modelin
each category; ++++, outstanding strength of the model; TILLING, targeting induced local

lesions in genomes.



Sequence-driven approaches
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Quantitative phenotypic analysis of
yeast deletion mutants using a highly
parallel molecular bar-coding
strategy
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nature genetics volume 14 december 1996
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Fig. 2 PCR-targeting strategy used to generate tagged deletion
strains. A dominant selectable marker (kan") was amplified using a
pair of long primers that contained yeast sequences on the 5' end
and homology to the marker on the 3' end. One of the oligonu-
cleotides is a 68mer that contains 50 bases of yeast homology
and 18 bases of hamology to the marker. The other cligonuclectide
is an 86mer that contains a 20 base tag and an 18 base tag prim-
ing site in addition to the 30 bases of yeast homology and the 18
bases of marker homology. The dashed lines represent missing
sequences on the 5' ends of the long unpurified oligonucleotides
(see Methads). A second round of PCR is performed with 20mers
that are homologous to the ends of the initial PCR product to
increase the amount of full length product. The product from the
second round PCR is transformed into a haploid yeast strain and
homologous recombination results in the replacement of the tar-
geted ORF with the marker, 20mer tag, and tag priming site.



Table 1 Transformation results for

auxotrophic ORFs

ORF ORF  Targeting

name size  efficiency

ADET (M61209) 305%aa 100% (8/8)
ADE2 (M59824) 571aa  50% (4/8)
ADE3 (M24737) 945aa  50% (4/8)
ADE4 (M74309) 50%aa 100% (8/8)
ADES (X04337) 802aa 100% (8/8)
ARQO2 (X60180) 376aa 75% (6/8)
ARQO7 (M24517) 256aa 100% (8/8)
TRPZ2 (K01388) 507aa  100% (8/8)
TRP3 (K0O1386) 484aa  88% (7/8)
TRP4 (X04273) 380aa 75% (8/8)
TRP5 (V01342) /07aa 88% (7/8)

The ORF name (GenBank accession
number), ORF size and targeting efficien-
cy (correct integrations versus total) are
shown for each of the 11 auxotrophic

ORFs.
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Fig. 3 Tag amplification strategy. Genomic DNA isolated from a
deletion pool containing 11 tagged deletion strains was used as
template for the tag amplification reaction. The tags were amplified
using a pair of primers that were complementary to the common
priming sites. The asymmetric PCR generates a mixture of single-
stranded fluorescently labelled 56mer tag amplicons that were
directly hybridized to the high-density array. A scanned image of
the array is shown. A close-up view of the left hand corner shows
the exact location of the 11 tags on the array. The asterisk indi-
cates a cross-hybridizing sequence (see text).
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Signature-tagged mutagenesis of Salmonella

a Invariable arm Variable region Invariable arm
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Differential signature-tagged mutagenesis screen

@@OOG9OO®

Inoculate the same pool of tagged mutants into
hosts with or without a specific genetic defect

_

e

Recover mutants and
hybridize to membranes

Wild type

A mutant that is attenuated in a wild-type host, but retains
its virulence in a host with a genetic defect; this indicates
a functional interaction between the bacterial and host genes
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RNAI screen with barcoding

Induce shRNA Barcode
expression PCR- ampllfy microarray
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Y¢ shRNA that blocks cancer cell proliferation or survival

Figure 5| RNAi screen with barcoding. Retroviral vectors that encode a library of short hairpin RNAs (shRNAs) that
are under the control of an inducible promoter are introduced into a cancer cell line. The cells are then divided in two
subpopulations: one is subjected to induction of shRNA expression and the other is used as a control cell population.
An shRNA that reduces the expression of a protein that is critical for proliferation or survival of the cancer cells will be
eliminated from the induced, shRNA-expressing culture. Genomic DNA is isolated from the two populations at different
time points, and PCR is used to amplify the barcodes that are present in the genomic DNA. Amplified DNAs from the
induced and control cultures are labelled with different fluorescent dyes and cohybridized to barcode oligonucleotides
on microarrays to determine the relative abundance of each barcode in the two populations. This indicates the relative
depletion or enrichment of cells that express a given shRNA®.
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The RNA interference pathway
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a) Short interfering (si)RNAs. Molecular hallmarks of an siRNA include 5' phosphorylated ends, a 19-nucleotide (nt) duplexed
region and 2-nt unpaired and unphosphorylated 3' ends that are characteristic of RNase Il cleavage products14. b | The siRNA

pathway. ¢ | The micro (mi)RNA pathway.

Nature Reviews Molecular Cell Biology 4, 457-467 (June 2003)
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Methods to generate short RNAs that silence gene expression.

A | Silencing by short RNAs that are generated in vitro.

Aa | Chemically synthesized short interfering (si)RNAs that are
introduced into cells bypass the 'dicing' step and are
incorporated into the RNA-inducing silencing complex (RISC) for
targeted messenger RNA degradation.

Ab | Long double-stranded (ds)RNAs that are introduced into
cells can be processed by Dicer into siRNAs that silence gene
expression.

Ac | Perfect duplex hairpin RNA can be cleaved by Dicer into
SiRNAs.

Ad | Imperfect duplex hairpin RNA, based on pre-micro (mi)RNA
structures, can be cleaved by Dicer into miRNAs and direct gene
silencing.

B | Silencing by short RNAs that are generated in vivo.

Ba | Long hairpin RNA expressed from an RNA polymerase (pol)
Il promoter yields a population of siRNAs with several sequence
specificities. siRNAs with a single sequence specificity can be
expressed either by Bb | tandem pol Ill promoters that express
individual sense and antisense strands of the siRNA that
associate in trans or by Be | a single pol Ill promoter that
expresses short hairpin (sh)RNA with the sense and antisense
strands of the siRNA that associate in cis. Bd | Incorporation of
an imperfect duplex hairpin structure that is based on pre-
mMiRNA structures can be expressed from a pol Il promoter and
processed by Dicer into a mature miRNA, which can direct gene
silencing.

Nature Reviews Molecular Cell Biology 4, 457-467 (June 2003)
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RNAi-mediated gene silencing in non-human
primates
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Figure 1 Silencing genes the RNAi way. a, For a gene to be expressed, its DNA sequence must be copied
(transcribed) into messenger RNA (mRNA); this must in turn be translated into a protein sequence.
b, RNAi works by either destroying the mRNA (bottom) or preventing it from being translated (not
shown). In Soutschek and colleagues’ modification' of the general RNAi approach, short interfering
RNAs (siRNAs) are synthesized, chemically modified and labelled on the ‘sense’ strand (blue) with
cholesterol. The siRNAs are then injected intravenously into mice, where the cholesterol group
enables the siRNAs to be taken up into tissues. There, the sense strand is destroyed by the inherent
RNAIi pathway, leaving the antisense strand (red) to bind to a complementary sequence in a target
mRNA. Recruitment of a protein complex, the RNA-induced silencing complex (RISC), enables the
mRNA to be cleaved.
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Figure 1| SNALP-siRNA-mediated silencing of murine Apob is potent,
specific, dose-dependent and long-lasting. a, Liver Apob mRNA levels
normalized to Gapdh mRNA and serum ApoB-100 protein levels measured
two days after single i.v. injections of saline, SNALP-siApoB-1 (1 mgkg™"),
mismatched SNALP—siApoB-MM (1 mgkg™') or empty SNALP vesicles
(25 mgkg™") (n = 5 per group). b, Liver Apob mRNA levels normalized to

Gapdh mRNA, assessed three days after i.v. administration of saline or 5, 2.5,
1 or 0.5 mgkg ' SNALP-siApoB-2 (n = 4 per group). ¢, Serum ApoB-100
levels after i.v. administration of either saline or 2.5mgkg™ ' SNALP—
siApoB-2 (n = 6 per group). Serum ApoB-100 levels for SNALP-siApoB-2-
treated animals are relative to the saline-treated group for the same time
point. Data show mean * s.d.



Some vital statistics of the European house mouse
(Mus musculus)

Genome (Nature, 2002; 420:520-62)

Number of chromosomes 40
Genome size 2.6 x 10°bp
Number of genes 22-28'000
Reproductive biology
Gestation time 19-20 days
Age at weaning 3 weeks
Age of sexual maturity = 6 weeks
Approx. weight 1g @ birth, 8-12 g @ weaning
Average litter size 6-8

Numbers of litters / breeding female 4-8

Life span in laboratory 1.5 - 2.5 years

© E. Hummler



Genetically engineered mouse models

Spatially/temporally controlled
knock-out
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Figure 1. Genetically engineered mouse models
(GEMMSs)

Gene targeting can be restricted in a tissue and/or
temporal manner through generation of “premutant”
mice (e.g., “floxed” or flanked with loxP sites) which
are then bred with transgenic mice that express the
corresponding DNA recombinase (e.g., Crs), allow-
ing for gene deletion to occur in & given tissue (right
top panel) and at a given time (left top panel).
Gene-trap mutagenasis involves the random inser-
tion of gene-trap vectors into the genome, whereas
ethyInitrosourea (ENU) is used as an in vive mutagen
to generate point mutations. Gene silencing is possi-
ble through RNAI, a method which uses siRNAs or
shBNAs, which can be deliverad either by direct ad-
ministration or via transgenic, homologous recom-
bination, or viral delivery technologies, respectively,

Argmann et al.,
Cell Metabolism 2005



Timeline | Key events in the history of mouse mutagenesis

Phase Il began
Specific-locus tests (2003-present)
were conducted Transgenic Positional Banbury meeting was
Discovery of extensively in mouse cloning of held, which led to the The KOMP.

Japanese fancy mice | | X-ray-induced the mouse with technology was | | human disease establishment of the EuCOMM and
were exported to mutationsin various chemical established geneswas Knockout Mouse North American
western countries, mouse, before mutagens, through the expanded and Completion Project (KOMP) and the | | Conditional Mouse
where they became || the phenomenon || including N-ethyl- generation of the Human of the Human | | European Conditional Mutagenesis
mutant resources was confirmed in N-nitrosourea the ‘giant Genome Genome Mouse Mutagenesis (NorCOMM)
for mouse genetics. | | fruitflies. (ENU). mouse’ mutant. | | Projectstarted. || Project. (EuCOMM) project. projects began.

1915

1923 1953 1980 1981 1982 1989 1990 1997 2001 2002 2003 2005 2006 2007

The first vertebrate Discovery of The first First knockout Phase | began Completion of the Phase lll began International
linkage (mapping) was double-helical embryonic stem | | mouse was (1997-present) mouse genome (2005-present) Knockout Mouse
discovered between structure of DNA. | | (ES) cellwas made by Large-scale sequencing project. ENU-based Consortium
albino (c) and pink-eyed identified inthe | | combining ES phenotype-driven | | Mouse full-length gene-driven was organized and
dilution (p) loci in the mouse. celland ENU mouse cDNA clones and mutagenesis the Banbury |l
mouse. gene-targeting mutagenesis sequences also systems were meeting was held in
technologies. projects started. became available. established. Brussels, Belgium.
|
Nobel Prize for Physiology and Medicine was awarded for the
development of mouse knockout technologies.

NATURE REVIEWS|GENETICS VOLUME 9 | OCTOBER 2008 | 803



The Nobel Prize in Physiology or Medicine 2007

"for their discoveries of principles for introducing specific gene
modifications in mice by the use of embryonic stem cells"

Mario R. Capecchi
University of Utah
Salt Lake City, UT
USA

Sir Martin J. Evans
Cardiff University
Cardiff

United Kingdom

Oliver Smithies
University of North
Carolina at Chapel
Hill, Chapel Hill, NC
USA



General procedure for producing transgenic mice

Inject foreign DNA
into one of the
pronuclei

Pronuclei < |

Fertilized mouse egg prior
to fusion of male and
female pronuclei

Transfer injected eggs
into foster mother

About 10 to 30% of offspring contain
injected foreign DNA. Foreign DNA
is present in equal amounts in all
lissues

DNA are bred to continue
DNA ingerm line

J[ Mice expressing foreign

e

Brinster et al., 1981



General procedure for producing KO mice

(a)

M m

Normal
chromosome

ES cells
from brown
mouse

Brown mouse

largeled
mutation

Newborn chimeric male

(carrying cells from two
mouse slrains)

Black female
Blaslocyst- ala; MIM plus AJA; Mim Surregate
stage embryo Altered embryo mother _

Embryo

Brinster et al., 1981



Construction of a prototypic targeting vector (l)

loxP loxP
region region
FRT FRT

Targeting vector:
*5° and 3° homologous regions
* a vital region flanked by loxP sites

* a neomycin-resistance (neo) expression cassette (positive selection marker)
flanked by two FRT sites inserted immediately upstream of the first loxP site

* anegative selectable marker (herpes simplex virus thymidine kinase gene)
positioned outside the area of genomic homology spliced out when homology
recombination occurs

© E. Hummler



The Cre/loxP system

34 bp loxP sequence

ATAACTTCGTATAGCATACATTATACGAAGTTAT

! ]

Cre-recombinase

o> = D

loxP

© E. Hummler



Site-specific recombinases & recognition sequences

Table 1. Alternative SSR Recognition Sites

Use of Alternative

Target Site® Inverted repeat 1 Spacer Inverted Repeat 2 Site Reference
loxP ATAACTTCGTATA ATGTATGC TATACGAAGTTAT Hoess, et al., 1982
lox511® ATAACTTCGTATA ATGTATaC TATACGAAGTTAT RMCE® Hoess, et al., 1986
Bethke and Sauer, 1997
lox5171 ATAACTTCGTATA ATGTgTaC TATACGAAGTTAT RMCE Lee and Saito, 1998
lox22724 ATAACTTCGTATA AaGTATcC TATACGAAGTTAT RMCE Lee and Saito, 1998
m2 ATAACTTCGTATA Agaahcca TATACGAAGTTAT RMCE Langer, et al., 2002
lox71 taccgTTCGTATA ATGTATGC TATACGAAGTTAT Stable insertion or Albert, et al., 1995
(LE® mutant) inversion
lox66 ATAACTTCGTATA ATGTATGC TATACGAAcggta Stable insertion or Albert, et al., 1995
(REf mutant) inversion
FRT GAAGTTCCTATTC TCTAGAAA GTATAGGAACTTC McLeod, et al., 1986
F; GAAGTTCCTATTC TtcAaAthA GTATAGGAACTTC RMCE Schlake and Bode, 1994
Fs GAAGTTCCTATTC TtchAalAlg GTATAGGAACTTC RMCE Schlake and Bode, 1994
FRT mutant —10 GAAGTTCaTATTC TCTAGAAA GTATAGGAACTTC Stable insertion or Senecoff, et al., 1988
(LE mutant) inversion
FRT mutant +10 GAAGTTCCTATTC TCTAGAAA GTATAtGAACTTC Stable insertion Senecoff, et al., 1988
(RE mutant) or inversion
attB9 TCGAGTGAGGTGGAGTACGCGCCCGGGGAGCC RMCE or stable Belteki et al., 2003
CAAGGGCACGCCCTGGCACCCGCA inversion
attP CTAGACCCTACGCCCCCAACTGAGAGAACTCAAAGGT RMCE or stable Belteki et al., 2003
TACCCCAGTTGGGGCACG T inversion

#Nucleotides that have been altered from the wild-type sites are lowercase.

bThe alternative Cre target site lox511 (Bethke and Sauer, 1997) is also referred to as L1 (Hoess et al., 1986) and mutant 71 (Lee and Saito,
1998). lox511 can recombine, albeit at low efficiency (1-5%), with a wild-type loxP site and therefore may have limited use in RMCE reactions
(Kolb, 2001, and see text).

°*RMCE, recombinase mediated cassette exchange.

4Jox2272 is also referred to as lox2722 (Kolb, 2001).

®LE, left-hand element (LE) (inverted repeat 1) of SSR recognition site.

fRE, right-hand element (RE) (inverted repeat 2) of SSR recognition site.

9Heterotypic target sites of the ¢C31 SSR are included here for reference. Core nucleotide triplets (CAA) where the ¢C31-mediated
recombination occurs are underlined.

Branda & Dymecki, Dev. Cell 2004



Conditional gene targeting: tissue-specificity

Cre transgenic mouse Conditional knock-out mouse

Other tissues

loxP loxP

loxP loxP

Double transgenic mouse

© E. Hummler



Construction of a prototypic targeting vector (ll)

A Dual-recombinase strategy B Tri-lox strategy
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Available lines (including Cre lines)
Jackson Laboratory
http://www.jax.org/resources/mouse_resources.html

Mutant Mouse Regional Resource Centers (MMRRC)
http://www.mmrrc.org/

The European Mouse Mutant Archive (EMMA)
www.emmanet.org/

.... ask around
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Engineering chromosomes in mice through targeted
meiotic recombination (TAMERE)

Yann Hérault!, Minoo Rassoulzadegan?, Francois Cuzin? & Denis Duboule!
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oxi \ amm

Fig. 1 The TAMERE strategy. a, Schematic representation of Cre-mediated tar-
geted meiotic recombination. The upper two lines indicate the two alleles used
for recombination. The HoxdRX! locus? (black line) has a loxP site between
Hoxd12 and Hoxd13, whereas the Hoxd”X locus'® (red line) carries a loxP site
between Hoxd11 and Hoxd12. Following chromosome pairing in meiotic
prophase and Cre expression through the Sycp1/Cre transgene, trans-allelic
recombination occurs (middle), generating two novel alleles (bottom lines). In
the first allele (Hoxd12PUp), a supernumerary Hoxd12 is produced (asterisk) in
the same orientation as the original. In the second allele (Hoxd72Pel), the
Hoxd12 locus is deleted. b, Schematic of the deficiency used to analyse the newly
produced alleles. The HoxdP® allele is a targeted deletion of Hoxd72 and
Hoxd13, whereas Hoxd11 is inactivated by an in-frame /acZ fusion'!.
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Conditional gene targeting: spatial & temporal specificity
(leakiness problems!)

A Post - translational control B Transcriptional control -tTA C Transcriptional control - riTA

TSP tetR-VP16 PA TSP rtetR-VP16 PA

i .
A

ligand binding domain (LBD)

of a mutant estrogen receptor \ - - dox / o do
1sp|  FpetBo | pa / A \

-4-0HY «~4-OHTY $
TA TA crel pA re:o, TATA cre| pA 1610,{TATA cre| pa tetO,|TATA cre| pA

'

Cred CD,

: ‘ !

> B > B L B S B P S P

. ' .

> 14 >
-+

- -
0 -som A5 S 6w >

4-hydroxy tamoxifen Branda & Dymecki, Dev. Cell 2004




Gene trapping in ES cells
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Sleeping Beauty

Box 2 | The biology of Sleeping Beauty

The Sleeping Beauty (SB in

figure) transposon system @

is a two part system. It

consists of the transposase

enzyme and its transposon

substrate. The Sleeping TA TA

Beauty transposase W W
recognizes inverted repeat/ AT AT
direct repeat (IR) elements

that flank a given sequence

of DNA. The transposase W TAC,GTA W
can excise the transposon N 5 raToard

trom its original location ’
leaving behind a canonical "

three base footprint (CA/

TG). It can subsequently

reinsert the sequence at a S ‘ _ »@9
new location anywhere a

TA dinucleotide is present. l
This TA is duplicated on

. . . TA
reinsertion’®. Increasing
transposon size or the AT

> —

HH

1

expression of transposase

can reduce the amount of A T
transposition”, whereas W <j_|:|_ﬂ> W
methylation of the AT AT
transposon substrate seems

to increase it*®. Host factors that have been linked to Sleeping Beauty-mediated
transposition include the DNA-bending, high-mobility group protein B1
(HMGB1)%”, and DNA repair proteins including the DNA-dependent protein kinase
catalytic subunit (DNA-PKcs) and DNA-binding subunits (Ku70 and Ku86), the

ataxia-telangiectasia mutated gene (Atm), and X-ray repair cross-complementing
protein 4 (Xrcc4)100:101,
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Sleeping Beauty

A A B _C D E _F A B C D E _F

A B F A B _E D C_F
1 [RES| ReP YDA I N . W .
[ Exon & Transposon Y LoxP site Deletion Inversion

Figure 4 | Exploiting the ‘local hopping’ of the Sleeping Beauty transposon. Transposons that reside on chromosomes
mobilize to loci that are linked to the donor locus approximately 50-80% of the time, with most of the loci reintegrating in close
vicinity of the transgene insertion site. This ‘local hopping’ phenomenon can be used for region-specific mutagenesis and
chromosome engineering. a | Mice doubly transgenic for a specific mutagenic transposon transgene and a Sleeping Beauty (SB)
transposase transgene can be crossed with wild-type mice to generate offspring with heritable, novel transposon insertion
events. On gene insertion, the gene-trap transposon can elicit premature truncation of endogenous transcripts. Transposons
tend to insert at loci linked to the donor site, and so a single transgene could be used to mobilize transposons to saturate a
given region of the genome with mutations. b | Alternatively, transposons containing loxP sites could be mobilized to produce
unique chromosomal substrates for Cre-mediated recombination. Mice doubly transgenic for a loxP-containing transposon and
transposase transgenes are bred to generate offspring with new transposon insertions at linked loci. The resulting animals now
harbour two loxP sites on the same chromosome and can subsequently be crossed to a Cre-expressing strain to produce
chromosomal rearrangements, including deletions and inversions. IRES, internal ribosomal entry site; IR, inverted repeat/direct
repeat; pA, polyadenylation signal; REP, reporter; SA, splice acceptor.
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Table 1. International Mouse Gene Knockout Programs

Type of Resource Type of Knockout 2006 2007 2008 2009 2010 Totals
KOMP

ES Cell Targeted Deletion 175 500 941 942 942 3500

Mouse Targeted Deletion 50 50 50 50 50 250

ES Cell Targeted Conditional 1000 1000 1000 1000 1000 5000

Mouse Targeted Conditional 50 50 50 50 50 250

EUCOMM

ES Cell Trapped Conditional 3000 6000 3000 12,000

ES Cell Targeted Conditional 1000 3000 4000 8000

Mouse Mixed 20 100 200 320

NorCOMM

ES Cell Trapped Conditional 1000 4000 3000 2000 10,000

ES Cell Targeted Conditional 100 400 750 750 2000

Mouse Mixed 25 25 25 25 100

Cumulative for All Programs

ES Cell Trapped (Conditional) 4000 14000 20000 22000 22,0002
ES Cell Targeted (Deletion) 175 675 1616 2558 3500 3500

ES Cell Targeted (Conditional) 2100 6500 12,250 14,000 15,000 15,000

Mouse Mixed 125 400 715 830 920 920

NorCOMM (North American Conditional Mouse Mutagenesis Project,http://norcomm.phenogenomics.ca/index.htm)
EUCOMM (EUropean Conditional Mouse Mutagenesis Program, http://www.eucomm.org)
KOMP (KnockOut Mouse Project, http://www.knockoutmouse.org)

The International Mouse Knockout Consortium, Cell 2007



Additional gene trap databases

http://www.tigm.org

http://www.genetrap.org
http://www.lexicon-genetics.com/discovery/omnibank.htm
http://www.deltagen.com

http://www.sanger.ac.uk/PostGenomics/mousegenomics/



Phenotype driven approaches



Relationship between the number of components
encoded in the mammalian genome and the complexity
of the phenome

Yeast (Saccharomyces cerevisiae) ~6000 genes

Worm (Caenorhabditis elegans) ~19,000 genes
Fruitfly (Drosophila melanogaster) ~14,000 genes

Man (Homo sapiens) 22,000-28,000 genes

How is the large increase in phenomic diversity encoded by a genome
with only a modest increase in the gene count?



Relationship between the number of components
encoded in the mammalian genome and the complexity
of the phenome

Yeast (Saccharomyces cerevisiae) ~6000 genes

Worm (Caenorhabditis elegans) ~19,000 genes
Fruitfly (Drosophila melanogaster) ~14,000 genes

Man (Homo sapiens) 22,000-28,000 genes

How is the large increase in phenomic diversity encoded by a genome
with only a modest increase in the gene count?

Beadle/Tatum/Garrod: “one gene - one protein - one trait”
From a biochemical perspective, however, specific traits are rarely encoded

by a single protein but are usually produced by assemblies of many proteins
working in concert!



The magnitude of the potential increase in phenomic diversity created by
combinatorial assembly and a doubling of the gene count can be
estimated by making the following conservative assumptions:

(a) the human mouse genomes comprise 28,000 genes encoding
28,000 proteins

(b) the Drosophila genome comprises ~14,000 genes and proteins

(c) the average multiprotein assembly specifying a particular biochemical
trait comprises products of 10 different genes

Human: 28,000/(10! 27,990!) = 8.15x103
Drosophila: 14,000!/(10! 13,990!)=7.95x 103

A doubling of gene/protein numbers encoded in the genome yields a
1000-fold increase in possible 10-mer protein combinations available to
specify the phenome.



If one assumes that 10 subcellular traits (each specified by a
set of 10 proteins) combine to specify a cellular trait, then the
doubling of the protein set in mammals compared with flies
yields an increase in the number of potential cellular traits by a
factor of 1030 (from 10333 to 10393)

Table 2 Number of unique subcellular protein combinations that can potentially be formed from a genome
encoding 7000 (e.g., yeast), 14,000 (e.g., fruitfly), 28,000 (e.g., human/mouse), 56,000, and 112,000 genes/proteins

Number of unique subcellular protein combinations possible* Number of cellular traits

Genes/proteins per 20-protein 40-protein (combinations of 10-protein
genome 10-protein combinations combinations = combinations combinations)®
7000 7.73 x 10! 3.19 x 10°8 6.98 x 10109 ~10303
14,000 7.95 x 10°% 3.39 x 104 8.11 x 10!V ~10°%°
28,000 8.15 x 10%7 3.58 x 1079 9.17 x 10129 ~10363
56,000 8.35 x 10% 3.77 x 1076 1.02 x 101%2 ~103%3
112,000 8.56 x 10% 3.96 x 10%2 1.13 x 101 ~10%3

3Calculations assume the average subcellular biochemical trait is specified by combinations of 10, 20, or 40 different proteins.

bCellular traits are assumed to be specified by combinations of ten different subcellular traits, each specified by a 10-protein combination.

Annu. Rev. Genet.
2005. 39:241-62



Systematic efforts to knock out or knock down all of the
mammalian genes in mice starts with the assumption
of “one gene - one protein - one trait.”

However, most of the genome-phenome code will only be
revealed by analyzing genetic variants that interfere

with specific protein-protein interactions, notably point
mutations arising by natural variation or induced
experimentally by chemicals such as ENU.



N-ethyl-N-nitrosourea (ENU) induced mutants

ENU f
¢

.. - e

« B

o
GO parents [

ENU induces one new loss-of-function mutation per gene in every ~700
gametes of treated male mice and one nucleotide change in every one
megabase (Mb) of genomic DNA

The most common mutations induced by ENU are A/T — T/A
transversions and A/T — G/C transitions

When translated into a protein product, these changes result in 64%
missense mutations, 10% nonsense, and 26% cause errors in mRNA splicing

Genetic variation induced in mice by ENU is thus ideally suited to reveal
discrete actions of proteins working combinatorially by selectively altering
individual protein domains and splicing products in the same way as natural
variation, while at the same time inducing a very low frequency of linked
irrelevant sequence changes.



Ethylnitrosourea (ENU) induced mutants
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Drug Discovery Today

http://www.cmhd.ca/enu_mutagenesis/index.html
http://www.gsc.riken.go.jp/Mouse/

http://www.ingenium-ag.com/
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Genome-wide dominant and recessive protocols for
phenotype-driven mutagenesis screens




ENU-based gene-driven mutagenesis

Q d ENU Public mouse genome database
—
GO tttcctAGTCAGTATTGCTATGGTAAGTCAATGCGACACATIGTEcaaagatge
e
| | | | | | Design primers for target gene

Figure 3 | Outline of ENU-based gene-driven

mutagenesis. N-ethyl-N-nitrosourea (ENU) muta-

genesis provides a platform for gene-driven

mutagenesis? " In several ENU-mutagenesis
47-50

projects*’™", the sperm of many G1 males is cryo-
Mutant mouse library preserved. The primary purpose of the G1 frozen
sperm archive is to securely maintain a G1
mutant that was unique to begin with. In the
course of the phenotyping and inheritance test
[FIC. 1a), some G1 candidates might die owing to
tumorigenesis or might become sterile owing

Frozen sperm Genomic DNA
archive archive

A J

Sareen genomic DNA archive with to diabetic symptoms; thus, cryopreservation of

X ‘ G1 mutant sperm is necessary for ENU mutagen-
00000000000000000 designed primers ; e i
e esis. The G1 frozen sperm archive is also
000000000Q00000ug|

expected to contain a large number of recessive
UUUUUUUUA Ii-u..ll—ll UCUUY mutations (Supplementary information 1 (box)).
To detect such recessive mutations, the genomic
DNA of G1 mice is also extracted and archived.

Q 4 The ENU-based gene-driven mutagenesis
m scheme is as follows*~%: design PCR primers for
& ==T= In vitro fertilization or embryo transfer the target gene or the target genomic sequence

(top right); screen the genomic DNA archive with
the designed primers (middle right); identify the
G1 sperm in the archive that contains the muta-
tion of interest (middle left); revive G1 mouse
lines that carry the desired mutation, indicated
here by animals that are homozygous for the red
‘m’ allele, highlighted by a blue rectangle; then
phenotype the mice and functionally analyse the
gene or genomic sequence. If there are 40,000
G1 mice in the mouse archive, screening all the
protein-coding sequences will identify 800,000
missense mutations, which equals 26 per gene,
and 115,000 knockout-equivalent mutations,
which equals 4 per gene (Supplementary
information S1 (box)).
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If we assume that a target gene consists of 2,000 base
pairs of protein-coding sequences then, on average,already
80 point mutations exist per gene in the frozen sperm
archives.

Possibility to generate allelic series for most or all genes.

NATURE REVIEWS | GENETICS VOLUME 9 | OCTOBER 2008 | 805



Congenic mice

Receiver Donor

/ Fy
Spontaneous, Intercrosses Repeated backcrossing
chemically induced of Fy mice of F4 mice to receiver strain
or targeted mutation

Brother—sister
interbreeding

Differential
segment

Coisogenic strain Recombinant inbred strain Consomic strain Congenic strain

Figure 1 | Selected analytical tools in mouse genetics. The generation of coisogenic, recombinant inbred, consomic and
congenic strains is illustrated.

NATURE REVIEWS | IMMUNOLOGY VOLUME 3 | MARCH 2003 | 245
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Recombinant inbred (RI) strains

BXD: derived by crossing C57BL/6J (B6) and DBA/2J (D2); ~90 strains
AXB/BXA: derived by crossing A/J (A) and C57BL/6J (B); ~25 strains

BXH: derived by crossing C57BL/6J (B) and C3H/HedJ (H); ~16 strains

CXB: derived by crossing BALB/cBy and C57BL/6By; ~13 strains

AKXD: derived by crossing AKR/J (AK) and DBA/2J (D); ? Strains

LXS: derived by crossing Inbred Long-Sleep (ILS) and Inbred Short-Sleep (I1SS)

strains; 77 strains

http://www.well.ox.ac.uk/mouse/INBREDS/RIL/BXD.shtml
http://www.genenetwork.org/mouseCross.html



The Collaborative Cross, a community

reSo
com

urce for the genetic analysis of
nlex traits

The Complex Trait Consortium*

The goal of the Complex Trait Consortium is to promote the development of resources that can be used to understand,
treat and ultimately prevent pervasive human diseases. Existing and proposed mouse resources that are optimized to
study the actions of isolated genetic loci on a fixed background are less effective for studying intact polygenic
networks and interactions among genes, environments, pathogens and other factors. The Collaborative Cross will
provide a common reference panel specifically designed for the integrative analysis of complex systems and will
change the way we approach human health and disease.

NATURE GENETICS VOLUME 36 | NUMBER 11 | NOVEMBER 2004



Figure 2 The eight-way ‘funnel’ breeding scheme for generating Rl strains. G, generation.

8 inbred strains: A/J, C57BL/6J, 129S1/SvimJ, NOD/LtJ, NZO, CAST/Ei, PWK/Ph, WSB/E

All 8 genomes are brought together in G2:F1, and the offspring of this cross are inbred. 90%
inbreeding is expected at G2:F20 based on theoretical results.

NATURE GENETICS VOLUME 36 | NUMBER 11 | NOVEMBER 2004



2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 X Y

Figure 3 A typical eight-way Rl strain. Color scheme indicates the parental origin of genomic segments.

Aim is to generate 1,000 Collaborative Cross (RI) strains

NATURE GENETICS VOLUME 36 | NUMBER 11 | NOVEMBER 2004



Phenotyping mouse models

Considering the 20,000 to 25,000 mammalian genes, each with one or
more mutant alleles, and the number of primary phenotypic parameters that
can be measured (currently between 300 and 400 parameters per mouse
line) in cohorts of male and female mice, the question arises of how an
endeavour of such a scope may be accomplished.

25'000x400=10'000'000 measures

Mouse Phenome Project / Mouse Phenome Database
http://phenome.jax.org/pub-cgi/phenome/mpdcgi?rtn=docs/home



Phenotype screens

Pipeline 1
Dysmorphology

Cardiovascular

Energy metabolism
Clinical chemistry

Eye

Lung function
Molecular phenotyping
Pipeline 2

Behaviour

Neurology
Nociception

Eye

Clinical chemistry
Immunology
Steroid metabolism
Cardiovascular

Pathology

Methods

Anatomical observation
DEXA, X-ray

Blood pressure

Heart weight
Calorimetry

Simplified IPGTT

Eye size (LIB)
Plethysmography

Expression profiling

Open field

Acoustic startle and PPI

Modified SHIRPA, grip strength, rotarod

Hot plate

Ophthalmoscopy and slit lamp

Clinical chemical analysis, haematology

FACS analysis of PBCs, immunoglobulin concentration
DHEA, testosterone

ANP, ECG or echocardiogram

Macro and microscope analysis

Age of mice (weeks)

n 12 B3 14 15

16 17 18

Figure 2 | Scheme of the primary phenotyping protocol of the German Mouse Clinic (GMC). This scheme
includes the EMPReSS slim primary phenotyping protocol, which is a common standard of European mouse clinics.
Screens such as molecular phenotyping, lung function, steroid metabolism and pathological screens are performed in
addition to the EMPReSS slim protocol. The GMC primary phenotyping screen starts 2 weeks after the mutant mouse
lines are imported at the age of 9 weeks. For phenotypic analysis, the mice are distributed into one of two pipelines,

in which they are subjected to a defined series of tests. The primary screen ends at the age of 18 weeks. Based on the
results of the screens, decisions for secondary and tertiary screens are made. ANP, atrial natriuretic peptide; DEXA,
dual-energy X-ray absorption; DHEA, dehydroepiandrosterone; ECG, electrocardiogram; FACS, fluorescence-
activated cell sorting; IPGTT, intraperitoneal glucose tolerance test; LIB, laser interference biometry; PBC, peripheral
blood cell; PP, pre-pulse inhibition; SHIRPA, a protocol for comprehensive behaviour assessment. Figure is modified,
with permission, from REF. 111 © Humana Press (2009).
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Archiving and dissemination of mouse models

Money!
1 cage (max 5 mice) = 15CHF/month



Identifying genetic interactions in a systematic manner

Step 1: Step 2:
Generate double mutant Score phenotype and identify interactions

Saccharomyces cerevisiae

Mating ¢ —x Report Colony 1: 98 pfxels
— X > Colony 2: 99 pixels

Colony 3: 95 pixels
Query strain Deletion library Measure colony size

H—
Colony 4: 17 pixels

Caenorhabditis elegans

1 2
Well 1: 30
3 Y Well 3: 29 worms
y | 2 4 Well 4: 3 worms
Query strain Bacterial RNAi library Count viable worms

Mammalian cell culture

1 2
Well 1: 998 a.u.
Infection -E- j— . . ReP°'; Well 2: 956 a.u.
— y Y Well 3: 972 a.u.
i _E_ Well 4: 211 a.u.
Query cell line Viral shRNA library Measure viability
using a dye
Step 3:

Build genetic interaction networks

Common biological
process

Query 1 o ",
Query 2 e A

Explore function
Query 3 —_— o === of gene cluster
Query 4 o
Query 5 e R

rannannnn®®
- No interaction

. Interaction

Array 1
Array 2
Array 3
Array 4
Array 5

POTTT T
e uy,

o

Figure 1

An outline of systematic screening strategies in three prominent model systems, Saccharomyces cerevisiae,
Caenorbabditis elegans, and mammalian cell culture. All systematic screens follow a similar pattern involving
the generation of double mutants (Step 1), the scoring of a double mutant phenotype, which must be
compared with the corresponding single mutant phenotypes (Step 2) and the construction and interpretation
of the resulting genetic interaction data (Szep 3). In Step 1, the black line with a red x indicates a mutated

gene in a chromosome. In Step 2, a.u. stands for arbitrary units. Annu. Re\/_ Genet_ 2009_ 43:60 1_625



A representation of the molecular mechanisms underlying different classes of

genetic interactions

A representation of the molecular mechanisms underlying different classes of genetic interactions. (#) Negative interactions can arise
from the disruption of parallel pathways converging on a common process (between pathway genetic interactions) or by decreasing the
flux through the same essential pathway (within pathway genetic interactions). (b) Positive interactions/genetic suppression. Mutation
of a negative regulator (4*) leads to hyperactivation of the pathway and accumulation of a toxic gene product (C). Subsequent
loss-of-function mutation of a downstream pathway component (#*) reduces flux through the pathway thereby suppressing the toxic
effects caused by mutant #*. Gain-of-function suppression may arise when a downstream or terminal pathway component acquires a
mutation (C*) such that it is no longer dependent on upstream activation events. (¢) Gene dosage. Increasing the dosage of a gene (B)
can be lethal (dosage lethality) in the presence of a mutation in another gene (#*) when A negatively regulates the activity of B. The
lethal effects of a mutated essential gene (A) can be suppressed by overexpression of a downstream pathway component (dosage
suppression). Heterozygous mutation of two independent loci can result in complex haploinsufficient phenotypes.

Annu. Rev. Genet. 2009. 43:601-625
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Down syndrome




Clinical phenotypes of Down syndrome

Phenotype

Neurological :

— Mental retardation
— Alzheimer disease
Muscle :

— Hypotonia
Growth :

— Short stature
Head :

— Brachycephaly
Eyes :

— Epicanthic folds

— Iris Brushfield spots

Mouth :
— Protruding tongue
Ears :

%

100

*

100 over 35 y.o.

100

70

75

60
55

45

— Folded/dysplastic ear 50

*

Phenotype

Limbs :
— Short, broad hands
— Short 5th finger
Skin :
— Characteristic dermatoglyphics
Cardiac :
— Congenital heart defect
— Atrioventricular canal
Gastrointestinal abnormalities :
— Duodenal stenosis/atresia 250x
— Imperforate anus
— Hirschsprung disease
Heme :

— Acute megakaryocytic
leukemia200-400x

%
65
60
85
40

16

50x
30x

— Leukemia (both ALL and AML) 10-20x



Trisomy 21 or Down syndrome
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Robertsonian translocation

n The short arm of one

acrocentrnc chromosome

P
4 B3 ...is exchanged with the
, JOpe p R .
Break < 3 long arm of another,...
points
Robertsonian
translocation
Metacentric ED .. creating a large
chromosome metacentric chromosome..
- & . .
n ..and a fragment that often
Fragment fails to segregate and is lost

A person with a translocation is phenotypically normal. During reproduction, normal disjunctions
leading to gametes have a significant chance of creating a gamete with an extra chromosome 21,
producing a child with Down syndrome.



Chromosomal abnormalities in Down syndrome

¢ Most common chromosomal abnormality
¢ 1in 700 live births

mosaicism
other t
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Abnormality

11321

t14;21

925

free T21



Down syndrome critical region (DSCR)
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Model for the pathogenesis of Down syndrome

gene without 3x phenotype gene with 3x phenotype
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Phenotypes of Down syndrome




Proteins potentially involved in DS phenotypes

« Subunits of multimeric proteins

« Transcription factors, gene expression regulators
* Proteins involved in cell-cell interactions

« Receptors / Ligands / Signal transduction

« Pattern formation / Development

 Enzymes (proteases, deaminases, ...)

..... so pretty much every protein is a good candidate!



How to model Down syndrome?

DSCR

I

10

HC21

Human - mouse synteny issue



Regions of synteny between human chromosome 21 (HSA21)
and mouse chromosomes (MMUs) 16, 17, and 10.
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How to model Down syndrome?

HC21

DSCR
== =
I X
I X
. Candidate gene
overexpression (mSimz2)
— DSCR mice

N Ts1Cje mice



SIM2 as a candidate for some of the DS Phenotypes

4 The mapping of hSIM2 on HC21
in the so-called DS critical region

App

Tiam1

Erg

Mx1

human mouse

21 16



SIM2 as a candidate for some of the DS Phenotypes

4 The mapping of hSIM2 on HC21
in the so-called DS critical region

¢ Its Drosophila homologue (dsim)
is a master regulator of fruitfly

neurogenesis expressed early in
.. embryogeneslls in the
developing midline

human mouse

21 16 L 4
IRV, o o
A *

Sith/Wt Sim-/-

Nambu et al., 1991, Cell 67: 1157-1167.
Crews et al., 1988, Cell 52: 143-151.



SIM2 as a candidate for some of the DS Phenotypes

APP Aop

Tiam1

D21817

— SIM2 —
ETSZS £

MX1

Mx1

human mouse

21 16

Ventral diencephalon

Branchial
arches

Forelimb

Somites

mSim2 expression at E11.5

4 The mapping of hSIM2 on HC21
in the so-called DS critical region

¢ Its Drosophila homologue (dsim)
is a master regulator of fruitfly
neurogenesis expressed early in
embryogenesis in the
developing midline

¢ The expression pattern of its VI, o .
mouse homologue (MSim2)
during embryogenesis

Sith/Wt Sim-/-

# Transcription factor Nambu et al., 1991, Cell 67: 1157-1167.
Crews et al., 1988, Cell 52: 143-151.



SIM protein structure

Siml [ — T —— R | Ser rich region
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Sim2 is a transcriptional repressor

> Inhibition of transcription

G/ATACGTGA

CNS midline enhancer

Moffett and Pelletier, FEBS Letters, 2000, 466: 80-86



Isolation and linearization of mSim2 BAC Clone

¢ 184N4 (200kb) and 299ES5 (210kb) BACs from mouse BAC library
¢ Linearization using A terminase

BAC1RBAC1F BAC2F BAC2AR
—_ Cos — =
EcoMet
| ] | ]
pBeloBAC11

' ' p?eIoF '

Hind lll EcoR | Hind il

170 kb™
1455 kb~
121 kb—
97 kb —

73 kb —
48.5 kb~
24 kb~

-
L
-
-
A
.
-
.

BAC insert



Screening of mice for the presence of the mSim2 BAC

¢ Multiplex PCR

BAC1FBAC1R BAC2F BAC2R

_ L _ L

pBeloBAC11  — /—] pBeloBAC11
Cos 183 bp 398 bp Cos
Controls Mouse DNA

[ ] 1
1 5 10 20 25

BAC2F/R: 398 bp
BAC1F/R: 183 bp




Is the transgene (BAC) derived mSIM2 expressed?



Identification of a Sim2 polymorphism
among inbred mouse strains

Recipient mouse: SJLIBLG* BL6

SJL

A

BAC: 129Sv

¢ Analysis of Tg expression
€ Number of Tg copies



Detection of the Sim2 BAC transgene expression

607 Control 608
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Detection of the Copy Number of the inserted transgene

608

607

# 169 #119
12 8 4 128 4

u“ﬂ—- 252 bp Endogenous Sim2
e bl < — 196 bp Tg Sim2

# 200 # 199
12 8 4 12 8 4

'zu'na

Control

1 Copy 2 Copies



mSim2 Tg mice phenotype: general observations

4 Transgenic animals from both lines develop normally, are fertile, and do
not present any gross detectable phenotypic changes

¢ Histology
¢ Behavioural tests:

- Morris water maze

- Fear conditioning

- Open field

- O-maze

- Resident-intruder social interaction test
- Stress-induced analgesia



Histological analysis of Sim2 transgenic mice
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Morris water maze




Morris water maze test results
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Open field




Open field test results

Open field: % activity Open field: % center time
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Analysis of social interaction between control and Sim2
transgenic female mice

mSim?2 Tg Control

Control mSim2 Tg



Analysis of social interaction between control and Sim2
transgenic female mice
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Stress-induced Analgesia Test of Sim2 Transgenic Mice
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Stress-induced Analgesia Test of Sim2 Transgenic Mice
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Conclusions

¢ Two mSim2 BAC Tg lines created
-low copy number of the transgene (1-2 copies)
-correct spatial expression

¢ Phenotype
-Normal growth and fertility
-No histopathological changes were detected
-No learning disabilities were detected in MWM and fear conditioning
-slightly reduced exploratory behaviour
-Reduced social interaction

-Reduced responsiveness to pain

Low copy number Sim2 BAC transgenic mice support the hypothesis that
the DS phenotypes result from overexpression of a few genes each
responsible for certain phenotypes
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FIG. 2.  (a) Diagram of meiosis of the 12:16 reciprocal transloca-
tion in the heterozygous Sodl mutants. Four types of gametes are
obtained: normal, disomic, and nullisomic for the distal region of
MMU 16, and balanced. The partial disomic gametes produce a partial
trisomy 16 (Ts1Cje). * indicates the neomycin resistance marker on the
1216 translocation. (b) Diagram of the mapping of the triplicated
region in Ts1Cje by FISH analysis. The numbers in the parentheses
indicate the copy numbers of genes detected by FISH. There is
segmental trisomy of the region from Sodl to MxI. *, Sodl 1s not
functionally trisomic because the Sodl gene in the translocated
segment 1s inactivated by the insertion of the neomycin resistance
sequence.
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A Chromosome 21 Critical Region
Does Not Cause Specific Down
Syndrome Phenotypes

L. E. Olson,™ J. T. Richtsmeier, ). Leszl,® R. H. Reeves '}

The “Down syndrome critical region” (DSCR) is a chromosome 21 segment
purported to contain genes responsible for many features of Down syndrome
(DS), including craniofacial dysmorphology. We used chromosome engineer-
ing to create mice that were trisomic or monosomic for only the mouse
chromosome segment orthologous to the DSCR and assessed dysmorpholo-
gies of the craniofacial skeleton that show direct parallels with DS in mice
with a larger segmental trisomy. The DSCR genes were not sufficient and were
largely not necessary to produce the facial phenotype. These results refute
specific predictions of the prevailing hypothesis of gene action in DS.

SCIENCE VOL 306 22 OCTOBER 2004
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Fig. 1. Construction of a duplication or deletion of the MMU16 region orthologous to the DSCR.
(A) LoxP sites were targeted to asymmetrical positions on MMU16 at Cbr7 (73) and adjacent to
Mx2. Each targeting vector contained a LoxP site (triangle), a selectable antibiotic resistance gene
(hyg or puro), and half of the neomycin resistance gene (5 or 3" neo). (B) The Mx-Lox vector
produced a 1.7-kb PCR product from the targeted allele in line MxP25. Wild-type (WT) and
targeted alleles produced 9.0- and 7.5-kb restriction fragments with EcoRV and 5.0- and 4.1-kb
fragments with Hindlll. Arrows identify PCR primers; P designates probes. (C) PCR primers used to
screen vector sequences for recombination after Cre-mediated translocation. (D) PCR products
from neo” ES lines produced the 350— and 390-base pair (bp) fragments expected for deletion and
duplication, respectively. (E) Metaphase FISH with one bacterial artificial chromosome (BAC) that
maps to the DSCR (red) and a second BAC proximal to it (green) shows one chromosome with a
single green signal (arrow) and a second with green and red plus a yellow signal, indicating overlap.
(F) Interphase FISH shows a green signal by itself representing the deleted MMU16 and a green
signal with two adjacent red signals representing the duplication (G) Body weights of Ts1Rhr mice
are significantly larger than controls. Standard errors (bars) are indicated.
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Fig. 2. Trisomic segments represented in
mouse models relative to HSA21. The DSCR is
indicated as an open box where it is present
and by a dashed line where it is deleted.
Approximate size in megabases of triplicated
information is based on genomic sequence;
gene number is from Gardiner et al. (77). Gene
content for each segment is given in table S1.
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Fig. 3. Linear measurements that contribute to dysmorphology in Ts65Dn, Ts1Cje, and Ms1Rhr/
Ts65Dn form a closely related set, whereas trisomy for the DSCR alone produces a distinct
dysmorphology in Ts1Rhr. Red lines indicate linear distances between landmarks that were
significantly smaller in trisomic mice relative to euploid mice; blue lines indicate distances that were
larger. Statistical significance was determined using Euclidean Distance Matrix Analysis confidence
intervals (77). This is not a simple scaling difference because the magnitude of the differences
varies from one measure to another and the set of differences contributing to dysmorphology in
Ts1Rhr is different from that in the other models. Landmarks are defined in fig. S3.
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